Abstract A combined assessment of the potential impacts from climate change (CC) and socio-economic development (SED) on water resources is presented for the most important aquifer in the south of Portugal. The goal is to understand how CC and SED affect the currently large pressures from water consuming and contaminating activities, predominantly agriculture. Short-term (2020Short-term ( -2050 and long-term (2070-2100) CC scenarios were developed and used to build aquifer recharge and crop water demand scenarios, using different methods to account for uncertainty. SED scenarios were developed using bottom-up and topdown methods, and discussed at workshops with farmers and institutional stakeholders in the water sector. Groundwater use was quantified for each scenario. Together with the recharge scenarios, these were run through a calibrated groundwater flow model, to study their individual and joint impacts on groundwater levels and discharge rates into a coastal estuary. Recharge scenarios show clear negative long-term trends and short-term increase in temporal variability of recharge, though short-term model uncertainties are higher. SED scenario 1 (SED1), predicting intensification and decline of small farms, considered the most likely by all workshop participants, shows a large drop in agricultural area and water demand. SED2, a most desired scenario by farmers, foresees growth and modernization of agriculture, but proves unsustainable in combination with predicted CC without efficient adaptation measures. The results thus reveal that CC in the region will dynamically interact with economic factors, and going one step beyond, CC could be directly integrated as a constraint in the development of SED scenarios. Exercises involving the integration of CC and SED regionally based scenarios, Water Resour Manage (2017) 
Introduction
Similar to other Mediterranean regions, freshwater availability in the south of Portugal is under increasing pressure from water consuming and contaminating activities. This threatens drinking water and irrigation supplies as well as the sustainability of wetlands that constitute groundwater dependent ecosystems (GDEs). In coastal aquifers overexploitation can lead to seawater intrusion. Climate change (CC) may aggravate such problems, particularly in the Mediterranean region (e.g. Giorgi 2006 ), due to the combined effect of rising sea levels, increased water demand due to global warming, and reduced aquifer recharge. Groundwater researchers have therefore started to integrate CC scenarios into their studies. These particularly try to predict the impact of changes in aquifer recharge on groundwater levels and discharge rates (e.g. Brouyère et al. 2004; Candela et al. 2009; Jackson et al. 2011; Stigter et al. 2014) , and can also integrate sea level rise and water demand scenarios (Stigter et al. 2014) .
Such studies, undoubtedly pertinent, generally ignore future changes in socio-economic development (SED) and the possible impacts this can have on freshwater supplies and demand (e.g. Holman et al. 2012) . Scenarios continue to be constructed in ignorance of the local socioeconomic and institutional context, and also ignore people's cultural values, interests and needs (Kuruppu 2009 ). All these condition how resources are interpreted and utilised, and necessarily affect adaptation behaviours. According to Lorenzoni et al. (2000) BSocio-economic scenarios serve a particularly vital role in the assessment of adaptation and vulnerability because social change in the next century is likely to be as, if not more, profound than anything else brought about by CC…therefore it is at best simplistic, and at worst completely misguided to ignore the co-evolving dynamic development of social systems^. Complexity has increased, but realism too.
The lack of research regarding the regional interaction of CC scenarios with human systems (i.e. their socioeconomic and sociodemographic characteristics) and how this interaction will lead to effective adaptation has been recognized as an important gap of knowledge and one that inhibits adaptation.
1 Even less common (or virtually inexistent) are studies on CC adaptation combining climate and SED scenarios constructed and/or discussed in a participatory fashion (e.g. Harrison et al. 2013 Harrison et al. , 2015 . Still, the interest of participatory foresight for adaptation to CC is recognised by many (e.g. Berkhout et al. 2002; Eakin et al. 2007; Thompkins 2008; Rounsevell and Metzger 2010; Rinaudo et al. 2012; Wesche and Armitage 2013; Faysse et al. 2014) . Participatory scenarios have demonstrated their utility in improving the uncertainty of CC models and their usefulness for adaptation, by generating critical self reflection and preparing the conditions for the change needed of adaptation. They also lay the ground for an easier, more consensual and more effective experience of adaptation by increasing social learning and social capital and incorporating different epistemologies (Bennett and Zurek 2006) .
The scarcity of literature is not surprising as the integration of SED and CC data in scenarios is a daunting task. The reasons are multiple. SED scenarios are difficult to predict as they are co-evolving systems (Norgaard 1994) which have important feedback relationships with CC, particularly on a global scale (e.g. Nakićenović and Swart 2000) . In addition, the time frames for SED and CC scenario analysis are quite different. Climate modellers prefer discussing the future 100 years from now, whereas socio-economic researchers using participated foresight methodologies, are mainly concerned with what happens in the following two to three decades, as looking further ahead inhibits the motivation and engagement of stakeholders (Roncoli 2006) . Furthermore, the combination of SED and CC scenarios involves a combination of methods, expert-based vs. participatory and qualitative vs. quantitative, which remain problematic. CC scenarios are expert-based and typically articulated though quantitative models while SED scenarios are more methodologically heterogeneous and include qualitative components (Berkhout et al. 2002) . In addition, the collaboration between disciplines from natural and social sciences in a truly collaborative endeavour still encounters many difficulties (Lowe and Phillipson 2009; Klein 2010; Varanda and Bento 2012) . However, research engaging both the natural and the social sciences is seen as a necessary condition for an improved understanding of global changes affecting human societies (e.g. UNESCO 2010). Last but not least, CC may not even be a key issue for actors in the economy and governance of regional territories (Faysse et al. 2014) , clearly a factor inhibiting participatory methodologies aiming at inducing adaptation.
For all the above-mentioned reasons, and notwithstanding the global studies on CC -SED interactions (e.g. Parry et al. 2007) , there are important gaps in the literature concerning the integration of regional CC scenarios with SED scenarios, constructed and validated together (i.e. in participatory contexts) with those who will need to implement the adaptation measures. This paper wishes to take a step in filling this gap. Regional integrated studies of the expected evolution of SED and CC are essential in order to assess the individual and combined pressure they might exert on freshwater resources in the near and more distant future. Water resource adaptation policies must reflect the interdependencies between the climate and socio-economic systems, and users and policy makers need to be able to understand and visualise these interdependencies. Here a series of integrated CC and SED scenarios are produced, demonstrating the individual and joint impact on freshwater (groundwater) availability and demand, using a method that combines the information from future climate scenarios with a series of pictures about the social, economic and environmental elements affecting water availability at a regional scale. We thereby intend to illustrate: 1) the added value of integrating SED and CC scenarios as a means to deeper understanding of future societal responses to the unfolding impacts of CC; 2) the relevance of adding bottom-up approaches which add local texture and a valuable input to more top-down accounts of climate impacts. The method we propose should be looked upon, in this stage, as an heuristic tool that eventually, following further improvement and empirical testing, could constitute a useful decision making tool.
In the current study SED and CC scenarios were developed for the largest aquifer system in the south of Portugal in the scope of two transnational projects. Short-term (2020 Short-term ( -2050 and long-term (2070-2100) CC scenarios were developed for the study site and used to build aquifer recharge scenarios based on soil water balance calculation methods. SED scenarios were developed using a combination of methods and then presented in workshops to the farmers and to other stakeholders, including the Water Basin Authority and the Regional Agricultural Administration, among others, in order to obtain feedback regarding which scenarios they found the most probable and the most desirable. For each scenario the evolution of water consumption is evaluated. The potential individual and joint effects of CC and SED on the quantitative status of the aquifer are illustrated by integrating several scenarios in a calibrated groundwater flow model of the aquifer.
Methods

Study Area
The study area is located in the Central Algarve, the southern most province of Portugal, as shown in Fig. 1 . It is characterized by a Mediterranean climate, with dry and warm summers and mild wet winters. The climate normals (i.e. 30-year arithmetic means) for temperature and rainfall for 1980-2010 are respectively 17.5°C and 739 mm (Stigter et al. 2014) . Water resources are available both through surface water reservoirs and groundwater aquifers (Fig. 1) , and both sources are used for public supply, tourism and irrigation. Public supply depended exclusively on groundwater until 2000, and was then substituted entirely by surface water from the reservoirs. The large drought of 2005 revealed the limitations of a single source supply (Stigter et al. 2009 ) and paved the road towards a conjunctive use and management of multiple water sources for public supply (Vieira et al. 2011) , ideally leading towards integration within the more complex concept of integrated water resource management. The main aquifer of the region is built up of karstified carbonate rock, covering an E-W elongated area of 318 km 2 ( Fig. 1) and known as the Querença-Silves aquifer. It is the most important groundwater reservoir in South Portugal (Monteiro et al. 2006; Stigter et al. 2009 ). Its mean annual recharge has been calculated to be 100 million m 3 (100 hm 3 ), of which currently 30 % is exploited for irrigation and 10 % for urban water supply (Stigter et al. 2009 ). In dry years pumping is more intense, and because of reduced recharge the pressure on the aquifer rises dramatically. The lowest groundwater levels were observed in 2005, but the levels were high enough to avoid the drying out of springs or the intrusion of seawater into the aquifer (Stigter et al. 2009; Hugman et al. 2012) . Groundwater flows mainly towards the west, where it discharges into the Arade estuary (Fig. 1) , largely through (partly subestuarine) springs that feed freshwater dependent wetlands (Silva et al. 2012) . Surface-groundwater ecotones also occur at the many other springs that characterize the system. Land use is dominated by irrigated citrus culture in the western sector overlying the aquifer, whereas extensive dry farming (olive, carob, almond and fig trees) occupies the eastern sector. The average farm size is 9 ha. Larger farms (generally above 20 ha) specialize in citrus production, and small farms (from 1 to 9 ha) specialize in market garden crops. Both types of farms also grow almond, olive, and carob trees. Almost all irrigated farmland uses drip irrigation. Water resources management in the region is currently framed within the River Basin Management Plan, developed for the region in compliance with the EU Water Framework Directive, and with the environmental goals to reach good quantitative, qualitative and ecological status.
Socio-Economic Development Scenarios and the Participatory Workshops
The main goal of socio-economic development (SED) scenarios is to function as a foresight tool helping decision-makers to explore the uncertainty associated with future developments. Foresight is a multi-disciplinary approach which is helpful to assess the consequences of the various strategic choices available. In this specific case we focused on agriculture and its impact on water use. The methodological approach was inspired by the emerging literature on scenario planning and participatory foresight for water resources management ( Van der Helm 2003; Hatzilacou et al. 2007) .
Participatory approaches are required to understand vulnerability and adaptation options from the perspective of those affected by socio-ecological change. They combine and integrate different types of knowledge to enhance understanding about regional change and its implication and allow a change of focus towards problem oriented and reflexive processes (e.g. Wesche and Armitage 2013; Hagemeier-Klose et al. 2014 ). This participatory component was deemed very important, as the content of the futures conceived and of the discussion these entail, had to make sense to the very people that will have to enact key adaptive responses to changes in the climate within the next decades.
These workshops followed a deliberative model (Fung 2006) in which participants deliberate after having been given access to information that was transparent, contrasting and as complete as possible. A key feature of our approach, given that the workshops were organized in a research context, was to encourage the expression of various pictures of the future, and to facilitate the mutual discovery of differing points of view concerning the future development of agriculture, and the associated water demands. The goal of these discussion sessions was not to reach consensus or decision making, hence all the information transmitted by the researchers in the workshops was presented not as revealing the Btruth^, but as to motivate the criticism and the confrontation with farmers' experience. The posture adopted by the team was thus exploratory and not normative. Such an approach results in scenarios that are Bplausible examples of what could happen under particular assumptions and conditions [and are] contrasted against one another to provide a tool for thinking about the relationships between choices, dynamics and alternative futures^ (Peterson et al. 2003) .
The choice of the time horizon for the SED scenarios was based on the need to create common ground between the time frame of climate models and the one that actors generally use to plan and make decisions (Faysse et al. 2014) . Typically, this common ground ranges from 25 years (e.g. Patel et al. 2007 ) to 50 years (e.g. Eakin et al. 2007 ) from the present. In the current study 2030 was used as time horizon in SED scenarios workshops.
Construction of the SED scenarios was based on a diversity of sources of information, both bottom-up and top-down. The importance of including a bottom-up (or participatory) approach is well recognised, especially when dealing with groundwater resources (e.g. Faysse et al. 2014) . Incorporating local experience and knowledge fosters the development of adaptation strategies in the context of local conditions that may not be clearly evident to, or understood by, outsiders and may result in more reasonable, effective and lower cost adaptation behaviours.
The top-down sources of information used were: (i) pre-existing scenarios defined at national and European levels (e.g. European Commission scenarios, regional plans for rural development) and (ii) statistical information describing recent trends in local agriculture and regional economic development (e.g. regional plans for rural development, statistical yearbook of the Algarve). The bottom-up sources of information were: (iii) the identification of factors of change made through a specific workshop with experts in water and agriculture, both from academia and regional administration (the pre-test workshop for the research project had the objective of gathering visions of the future for agriculture of the Algarve); (iv) individual visions of the future expressed by farmers during interviews (a total of 30 interviews); v) visions of the future expressed by diverse stakeholders such as directors of agricultural cooperatives, of tourism associations, of local environmental associations, staff from the regional directorates of agriculture, river basin authority and water services company (total 40 interviews), and (vi) a previous workshop with the farmers that discussed a diagnosis of the current agricultural situation in the Algarve region and its drivers of change; a tripartite format was employed around positive aspects, negative aspects and aspects in need of change in the agriculture of the region, with the main objective to create a starting point enabling posterior discussion about climate and water, allowing the identification of local evolution factors constructed by the farmers themselves.
Four, mainly qualitative, scenarios were constructed to describe future evolution of the region, in a global context, with a specific focus on agricultural production at the 2030 time horizon and with storylines based on four main dimensions: global economic context and agricultural market, economy and territory in the Algarve, agricultural sector, and use of water resources. The storylines were built based on driving forces that influence the outcome of events. It has been said that there is no right way to develop scenarios. In our case we identified relevant external factors (those that cannot be acted upon by the regional actors that participate in the scenario discussion), which are macro-economic, political and social factors (such as European water policy, agricultural policy, international commerce, demographic changes) as well as factors relevant for the development of the Algarve which may be linked to water use (such as tourism development and demography of the region). Relevant internal factors included aspects that farmers can act upon such as investing in agricultural land, the cultures they grow, their water use, etc.. Scenario workshops can be implemented in very different ways depending on the objective, the types of participants and time and resources available. In our research, we clearly chose to pre-construct scenarios. This option seemed pertinent as the farmers didn't have experience in participatory events or in the exercise of foresight.
These developed SED scenarios were subsequently pre-tested next to the farmers and institutional actors in the water and agricultural sector and its storylines adapted therein. These scenarios were then the starting points for discussion, which participants were asked to challenge, deconstruct, criticize, and adapt according to their views. These discussions were tape-recorded to allow detailed analysis of the views expressed by participants through complete transcription of the discourses.
For the workshops with farmers two groups were created, distinguishing farmers between the eastern and western part of the area covering the Querença-Silves aquifer. This distinction also reflected differences in the type of farming systems (small-scale farms producing mostly rain-fed market garden and traditional dry farming crops in the east, versus medium-scale farms specialised in irrigated citrus production in the west). The composition of the groups assured representativeness, including farmers from different geographical areas, age groups, crop types and farm size. An additional workshop, carried out with institutional stakeholders, included very experienced researchers, public officers and members of associations in the fields of hydrology, agriculture and tourism. Further information on the group compositions and characteristics is provided by Faysse et al. (2014) .
Given the high complexity of carrying out such participatory workshops, related for instance with the difficulty of envisioning the future and understanding the SED scenarios, and particularly for farmers, the lack of experience in holding such discussions and their overall low formal education, the research team took special care in the materials presented, such as posters and written flyers, as demonstrated in Fig. 2 , which were supported by an oral presentation. Other aspects that were taken into attention, in order for communication to flow easily among all, was the style of facilitation (e.g. neutrality, creation of mutual trust), the location of the workshops (geography, the neutrality of the place and its pleasantness were taken into consideration), as well as a dinner invitation. All these created an informal space that was much valued by everyone, and created an ambiance of trustworthiness among all.
After all SED scenarios had been discussed, the participants were invited to prepare individual rankings of the four scenarios according to their probability and desirability. We should note that farmers had difficulties in using scenarios as a basis for discussion of future evolution. The ability to think in the long term outside today's norm is not a trivial matter. 2 Another difficulty has been to direct the discussion away from the assumptions related to external macro-economic evolution (e.g. reform of the common agricultural policy, increase of energy and international transportation costs, change in consumer demand, etc.). The instructions given to workshop participants were to consider these assumptions as granted, and only discuss the consequences and possible adaptation at the local level, which was not straightforward and required some persistence from the facilitators. The voting process was not straightforward either and we were just able to collect information on the expression of the main tendencies.
Development of Climate and Recharge Scenarios
Stigter et al. (2014) provide a detailed overview of how the scenarios for climate change (CC) and aquifer recharge were created. Three available downscaled Regional Climate Models (RCM) from the ENSEMBLES project (Van der Linden and Mitchell 2009) were used, using the balanced A1b CO 2 emission scenario. Although many more RCM runs exist, the choice of the three models at the time of the research project was based on the fact that they covered all the study areas from Southern Europe and Northern Africa, on a 25×25 km resolution. In addition, when comparing the modelled climate data for these three models to other climate model data covering the Central Algarve (unpublished data), they were found to cover the range of uncertainty very well. The modelled temperature (T) and precipitation (P) data were bias corrected using a reference (control) period of available observations, namely 1980-2010. Bias correction involved two different approaches: i) calculation of anomalies, and ii) monthly linear regressions between observed and modelled data (Stigter et al. 2014) .
The resulting bias-corrected data were used to obtain predictions of P and T for two future climate normal (30-year) periods, 2020-2050 and 2069-2099 , and subsequently to calculate recharge for these periods using two soil water budget methods: i) Thornthwaite-Mather, and ii) Penman-Grindley (Stigter et al. 2014) . These methods were applied sequentially for each month, and calibrated using previous calculations of recharge (Stigter et al. 2009 ). The problem of underestimating recharge, which often occurs when using a monthly time step (e.g. Dripps and Bradbury 2007) , was accounted for by allotting 20 % of rainfall as direct groundwater recharge (concentrated runoff/recharge caused by extreme rainfall, without recharging soil water deficits) before performing the remaining balance calculations. The 20 % value was selected after a comparison of recharge calculations made using daily and monthly meteorological data for Portugal (Stigter et al. 2014 ). The methods were calibrated for (part of) the historical reference period using previous calculations of recharge (Stigter et al. 2009 ), including the FAO dual crop coefficient method (Allen et al. 1998) , recently applied by Oliveira et al. (2008) . Besides scenarios for total recharge, the impacts of global warming on crop water demand and consequently groundwater withdrawals for irrigation were also quantified, by performing simplified calculations on the evolution of the potential evapotranspiration (ET). More specifically, present and future groundwater irrigation needs were simulated using the ET deficit, i.e. estimating the current and future differences between actual ET without applying irrigation and the potential ET of the crop indicating water demand. This difference therefore needs to be fulfilled by irrigation. It was further assumed that there is no change in crop type, growth cycle, irrigated area or irrigation efficiency (Stigter et al. 2014 ).
Groundwater Flow Model
Numerical simulation models for groundwater flow in the Querença-Silves aquifer have been performed and improved over the past decade (e.g. Monteiro et al. 2006; Stigter et al. 2009; Hugman et al. 2012) . In short, the FEFLOW (Koskinen et al. 1996) software was used to build horizontal and vertical 2D domain models, of which the horizontal model was used for the scenario analysis in the current study. As the aquifer is of karstic nature, a single continuum equivalent porous model was used for the representation of the flow domain, which is valid when modeling hydraulic heads and flow volumetrics on a regional scale (Scanlon et al. 2003) . Boundary conditions for the model were defined as constant head along the Arade estuary in the west (Fig. 1) and no-flow for the remaining part (for more details see Stigter et al. (2014) ). Integration of recharge and abstraction volumes, including public and private wells, was performed as described by Stigter et al. (2009) . The model was calibrated for 2001-2006 and validated for 2006-2010 , based on hydraulic head data from national monitoring networks and implemented project-specific monitoring surveys. Transmissivity (T) was optimized through inverse calibration, whereas the storage coefficient (S) was calibrated by trial-anderror using available piezometric data (additional information provided by Hugman et al. (2012) ). Following parameterisation and calibration procedures, the SED and CC scenarios were integrated into the model, in steady-state and transient simulations, to study their individual and joint impacts on water levels and discharge rates into the coastal estuary.
Results and Discussion
Socio-Economic Development
The scenarios that resulted from the methodology employed and described above, are characterized in Table 1 , which also includes the corresponding change in water demand, considered to be supplied by groundwater in this case. Parameters such as changing land use or demography were also considered in the SED scenario discussion and development. The and carob increase their production.
Remains stable for agriculture, but population increase has led to a small increase in public supply. In dry years water management is challenging, and restrictions to water exploitation are introduced, although not always followed by farmers. The tourism sector often complains about this situation. impact of demography changes on water consumption as compared to irrigation water use were not considered significant, as only a fraction of public water supply comes from groundwater. Large surface reservoirs supply most of the water to the urban areas. Increasing groundwater use for public supply in the future could have some impact, but was not considered in any scenario. Land use changes with regard to agriculture, i.e. increase or decrease in cropped area or crop type, were contemplated in the scenarios, as shown in Table 1 , and reflect themselves in predicted changes in water use for each scenario. SED Scenario 1 (SED1, intensive agriculture, decline of small farms) has resulted in a significant reduction in irrigated land and crop water demand (only 8 hm 3
). The duplication in irrigated land in SED2 (Growth and modernization of agriculture) has resulted in an additional 30 hm 3 (million m 3 ) demand for irrigation (based on known irrigation quantities and not considering the potential effect of global warming on crop water demand (Stigter et al. 2014) ). SED3 (dual agriculture competitive capacity and patrimony) and SED4 (sustainable development, agriculture of high environmental performance) have distinct characteristics. The corresponding changes in water demand for agriculture were considered to be small.
The discussion of SED scenarios was meant to transport farmers into the future and have them discuss, explore and choose what futures were more probable and more desirable, in spite of the trade-offs each contained. As we said above, this discussion was not simple for farmers (neither for some institutional actors), as scenarios contained much information that goes beyond their daily concerns, and it forced them into an imagination effort they were not used to. Still through a facilitation adapted to the participants -which were well known to researchers from interviews and a previous workshop -and with the use of simple to read and comprehend materials, a constructive dialogue entailed. The voting process was not easily controlled by researchers, but strong tendencies were detected as to identify SED1 as the most probable (it is the continuation of an existing trend) and least desirable scenario (no one wants the decline of small farms). SED2 was the least probable (together with SED4), as farmers have had for long the feeling of being abandoned by policy makers, and did not believe that strong investments in agriculture would ever happen. Concerning desirability the voting process is not clear. Still, the discussion was lively and evolved around issues such as the quantity vs. the quality of the products (quality preferred), and the quantity vs. quality of water (quality being the main concern). SED3, which was the most neutral scenario, did not motivate participants to express a vote. SED4, which entailed the greatest change away from the norm, was considered by all as the least probable, and the least desirable by farmers, but the most desirable by institutional actors. This can be explained by the fact that producing less than technically possible in order to protect the environment is a relatively new thought in agriculture (Ondersteijn et al. 2002) , and farmers fear that more optimized water saving and fertilization techniques may affect their economic situation. In fact, unbalanced fertilization is a major problem worldwide, including the study area, even if it is currently still masked by high recharge providing a high dilution potential to the studied aquifer system ). Figure 3 presents the projected changes in rainfall (P) vs. temperature (T) for 2020-2050 (2035) and 2069-2099 (2085) . The effect of global warming is clear, reflecting itself in an average rise in T of 1.3 and 3.4°C for respectively the short-term and long-term future in the study area of South Portugal. This points to higher evaporative demands (higher PET) as well. Regarding P, the large uncertainty in short-term predictions is well reflected in the plot, with some scenarios predicting a slight increase. The ensemble mean shows a 4 % decrease in P for 2035, and a 27 % decrease for 2085 (ensembles have been used to handle CC scenario uncertainty in previous studies, see e.g. Wetherald and Manabe (2002) , and Nohara et al. (2006)). In other words, there is significant higher uncertainty regarding the trend of rainfall in the near future, whereas in the long-term all scenarios agree on a strong reduction in P. This phenomenon will reflect itself on the predicted evolution of aquifer recharge under CC, as will be discussed below. It is in agreement with the general trend of prediction uncertainty at the global and local scale with regard to internal variability and climate model characteristics (e.g. Hawkins and Sutton 2009), which tend to decrease with time (partly due to the averaging out of different weather paths). On the other hand, the uncertainty of SED and CO 2 emission scenarios tend to increase with time. Despite the larger short-term uncertainty regarding the average change of rainfall, there is a consensus among the models regarding the increase in the frequency of very dry and very wet years, as revealed by the model ensemble statistics (Stigter et al. 2014) , and with important consequences for freshwater availability.
Climate Change
Integration of SED and CC Scenarios
The calculated effect of CC on recharge is shown in Fig. 4 , where predicted mean annual recharge values are compared to the four SED-related water demand scenarios described in Table 1 , for 2035 and 2085. One could argue that performing the combined study on CC and SED for the distant future is irrelevant due to the high uncertainty related to SED, or the feedback mechanisms that exist between SED and CC, regarding greenhouse gas emission and water demand/availability scenarios. Notwithstanding, the long-term predictions are believed to be illustrative for CC trends and how they may interfere with SED scenarios, and therefore integrating the two is considered an interesting though assumingly heuristic exercise.
The white symbols in Fig. 4 represent the quantification of the SED scenarios, ignoring CC. As previously discussed, SED2 has resulted in a 30 hm 3 increase in crop water demand, SED1 sees irrigation needs drop significantly to 8 hm 3 , whereas SED3 and SED4 (SED3_4 in Fig. 4 ) are considered to have a negligible effect on water demand, therefore set to 0. Hence, combining CC with SED scenarios for the latter two is equivalent to considering the exclusive impact of CC, represented by the squared symbols in the plots. For 2035 the scatter among these values is evident, with both predicted increases and decreases in recharge, and reflects uncertainty inherent in different combinations of climate model runs, bias correction and recharge calculation methods. Notwithstanding, the ensemble mean depicts an 8 hm 3 (around 8 %) decrease in recharge. Moreover, all but one CC scenario predict an increase in irrigation demand, solely due to higher evaporative demands. As a result, three of these scenarios plot near or beyond the border where groundwater abstractions become unsustainable (Fig. 4) , according to criteria defined by Hugman et al. (2012) . The latter are based on negative groundwater heads in the summer season, causing the cessation of groundwater discharge into the estuary and intrusion of seawater into the aquifer. In 2085 all but one CC scenario are located in the field of unsustainability. (Hugman et al. 2012) ; dark-shaded area represents an increase in water availability with respect to present state As a consequence of the large reduction in water use, none of the SED1-CC combinations plot in the critical zone for 2035, and many indicate an increase in water availability (Fig. 4) . This result is supported by the discussion had in participatory workshops, in which this is considered a highly probable scenario for participants, but one that goes against their will, as they unanimously condemn the decline of agricultural activity (this constitutes food for thought for farmers and policymakers alike). The situation is different in the 2085 horizon, due to a large predicted decrease in recharge. It must be noted that the indicated drop in irrigation demand for SED1 may be excessive, since properties are expected to increase in size and in part compensate for the decline of small areas. On the other hand, farming techniques are considered to improve, increasing water use efficiency.
The combination of SED2, where a large expansion of irrigated land is expected, with the CC scenarios, results in the largest predicted increase in pressure on the available water resources, despite the persisting scatter in the data. In fact, without considering CC the SED2 scenario already plots very near the limit of unsustainability. The combination with the ensemble mean CC results causes a shift in the diagram beyond the limit of sustainable aquifer exploitation. Most of the SED2-CC combinations are located far beyond this limit. The predicted increase in crop water demand due to increased evapotranspiration is also most pronounced in this scenario.
For 2085 the impacts on aquifer exploitation are further enhanced. In addition, the scatter within the results is significantly reduced, similar to what occurs with the other SED-CC combinations in 2085 and reflecting the decreased level of internal and model uncertainty of the climate model predictions (Hawkins and Sutton 2009) . The impacts on the average yearly groundwater levels in 2035 of an increased groundwater use in SED2 and, in combination, the predicted average decrease in recharge due to CC, is shown in Fig. 5 . The maps are the results of integrating the SED2 and ensemble mean CC results in the steady-state groundwater flow model. It is interesting to observe the pronounced difference between the impacts of the SED2 scenario with and without CC in the eastern sector of the aquifer. When CC is ignored, the decrease in groundwater head in the east is relatively modest and constant, between 4 and 6 m, resulting from the increased withdrawals that are largely concentrated in the west (Fig. 1) . A reduction in recharge however affects the entire area and particularly the eastern area, where recharge is highest, and therefore results in much more pronounced drops in groundwater levels, mostly between 10 and 20 m, and exceeding these values towards the northeast. This could have significant consequences for farmers living in this area and also for groundwater dependent river ecosystems that exist in the region. The numerical model simulated a similar overall lowering of groundwater levels (results not shown) if a significant part of the intensively irrigated agriculture would shift towards the east, leading to the installation of many deep groundwater wells in this sector of the aquifer. Given the more mountainous characteristics of the terrain, the deeper groundwater level and the lower transmissivity of the aquifer, this is unlikely to occur.
Besides average changes, it is important to look at seasonal changes and the occurrence of extreme events. Figure 6 show transient simulations of groundwater discharge into the estuary for two CC scenarios, one of them combined with SED2. There are large differences between the two CC scenarios, particularly up to 2050. Similar results were found by Brouyère et al. (2004) in the Geer basin in Belgium and by Jackson et al. (2011) in an important chalk aquifer in central-southern England. Despite these differences, both CC scenarios show pronounced seasonal and interannual variations, with the alternation of dry periods (zero or negative outflow, indicating seawater intrusion) and wet extremes (marked by high discharge rates).
Towards the end of the century, extreme events continue to occur, but mean annual discharge levels into the estuary drop significantly, dampening the extremes. Moreover, the discrepancy Fig. 6 Evolution of groundwater discharge into the estuary for two CC scenarios, and one combined CC-SED2 scenario between the predicted groundwater discharges resulting from the integration of the different climate model runs, also decreases significantly. This is in agreement with results from a study by Goderniaux et al. (2011) in the Geer basin in Belgium, including six RCMs and 30 equiprobable scenarios, which showed that despite consistently large confidence intervals around projected groundwater levels, the climate change signal becomes stronger than that of natural climate variability by 2085.
The combination of the more pessimistic CC scenario with SED2 reveals high rates of seawater intrusion and wetland desiccation in many years and almost continuously towards the end of the century. It is clear from the foregoing that, despite existing uncertainties, the combination of SED2 and CC is not sustainable in a non-adaptive framework. In other words, agriculture as a driver of Algarve's development, and the reinforcement of policies conducting to it, may only be possible if adequate and efficient measures regarding CC adaptation are implemented in the area. These results must naturally be weighed against the results of the participatory workshops, if these are to be used for decision making. For instance, the worrisome trend in terms of water use depicted here by SED2 is attenuated by the results of the participatory workshop, as this scenario is considered the least probable by all participants: nobody envisions that agriculture will receive strong policy support. Notwithstanding, an important outcome of this research is that, should there be a change in policy, it needs to contemplate measures promoting freshwater resource sustainability. On the other hand, the optimistic future drawn through SED4 is probably too optimistic, as SED4 is not only the least desired scenario for farmers (but most desired by institutional actors) who disagree with the shift towards organic farming, but also considered the most unlikely by all. It is not believed that such paradigm change, and its environmental and public health concerns, will be on the European policy agenda.
Such measures can aim at water availability, for instance by enhancing (artificially) groundwater recharge and storage, by protecting preferential infiltration and recharge areas, or by promoting the use of alternative water sources such as treated wastewater for irrigation. Protecting recharge areas in some cases means avoiding the transformation of natural into agricultural land. This is an example, among others, of how SED and adaptation measures are interrelated and can be conflicting. Another concern pertains to the difficulties involved in implementing possible adaptation measures, for different reasons, from technical feasibility to social acceptance. In the Algarve the reuse of treated wastewater for irrigation of golf courses is an example of a planned measure, debated for over a decade, that has currently still not been implemented.
The conflicts related to adaptation and the difficulties of implementation of adaptation measures may be diminished with the increase of participatory processes in the whole process of adaptation. One of the research projects that formed the context for this paper clearly revealed that when transparent, credible and complete information is given away, and everyone's viewpoints, interests and difficulties are discussed openly, social learning is produced and divergent interests more easily reach common ground. In a subsequent workshop presenting the information concerning CC and the impact on agriculture, farmers were able to creatively come up with both technical and economic solutions for adapting their agricultural practices. They envisaged a change towards a more sustainable agriculture, with a greater dedication towards investment in indigenous species (given professional training and incentives). They mentioned the need and the viability of constructing small reservoirs, and they recognised the need for greater cooperation amongst them. All these findings result from a process of learning that was not predictable from the first gatherings at the initial stages of the research project.
Conclusions
The integration of SED scenarios, designed and discussed in a participatory manner, with CC scenarios provides a more complete picture of possible future changes in water resources, then when based exclusively on climate models. Our results reveal that CC in the region will dynamically interact with economic factors and may force a restructuring of ways of living. Although much uncertainty remains regarding the projected paths of future climate, particularly on regional scales and short-term horizons, the more frequent occurrence of extreme events in the short-term future, as well as the long-term trends in water availability will encourage no-regret strategies such as water saving techniques and the search for alternative water sources. We believe that a Bmixed-methods^approach, combining qualitative and quantitative methodologies from both the social and natural sciences, can provide the best answers. The methodology here presented is to be looked upon as a heuristic tool, which given further developments may illuminate policy making. In our view, exercises such as this one of envisioning different paths for the SED of the region, through participatory events, are needed for citizens and policy makers to take action. For an increasingly realistic assessment of the impact of CC and the adaptation measures it entails, it will be necessary to consider the coevolution of CC and the socioeconomic system.
